ABSTRACT We have studied the mechanism of formation of a 16-residue ␤-hairpin from the protein GB1 using molecular dynamics simulations in an aqueous environment. The analysis of unfolding trajectories at high temperatures suggests a refolding pathway consisting of several transient intermediates. The changes in the interaction energies of residues are related with the structural changes during the unfolding of the hairpin. The electrostatic energies of the residues in the turn region are found to be responsible for the transition between the folded state and the hydrophobic core state. The van der Waals interaction energies of the residues in the hydrophobic core reflect the behavior of the radius of gyration of the core region. We have examined the opposing influences of the protein-protein (PP) energy, which favors the native state, and the protein-solvent (PS) energy, which favors unfolding, in the formation of the ␤-hairpin structure. It is found that the behavior of the electrostatic components of PP and PS energies reflects the structural changes associated with the loss of backbone hydrogen bonding. Relative changes in the PP and PS van der Waals interactions are related with the disruption of the hydrophobic core of a protein. The results of the simulations support the hydrophobic collapse mechanism of ␤-hairpin folding.
INTRODUCTION
The biological functions carried out by proteins are closely related with the unique three-dimensional structures adopted by the linear chains of amino acids. Most small proteins can spontaneously fold to form biologically functional ("native") structures. It was suggested that the information determining the three-dimensional structure is somehow encoded in the amino acid sequence (Anfinsen, 1973) . Since Anfinsen's original proposal, there has been a great deal of progress in understanding the "protein-folding" problem. New experimental techniques have provided much information on the details of the events that occur during the folding process (Fersht, 1999; Winkler and Gray, 1998) . Theoretical and computational studies of simplified models have provided general insights into the specific features of folding mechanism and the properties of folding free-energy landscapes (Onuchic et al., 1997; Shakhnovich, 1997; Dobson et al., 1998; Dill, 1999) . Predicting the native state structures of proteins from amino-acid sequences alone is a long-standing challenge, which has great practical significance as well as considerable scientific interest. Such ab initio structure prediction or protein-folding may require the ability to describe the whole folding process at the level of atomic precision, which is still not feasible despite rapid advances in the field (Duan and Kollman, 1998) .
Typical molecular dynamics (MD) simulations can examine the trajectories of proteins up to tens of nanoseconds. The time scales of protein folding in the micro-to millisecond range are still not really accessible to direct simulation studies. A fruitful approach is to investigate protein unfolding by performing simulations under strongly denaturing conditions (high temperature and/or pressure). These simulations can provide insights into the early stages of unfolding, which are assumed to reflect the later stages of refolding under native conditions (Karplus and Sali, 1995; Lazaridis and Karplus, 1997; Wang et al., 1999) . It is noted that there remain important open questions concerning the relationship between unfolding at high temperatures and the folding process at physiological temperatures (Finkelstein, 1997; .
Knowledge of the timescales and mechanism of formation of basic structural elements such as ␣-helices and ␤-sheets is essential in understanding the folding of larger proteins. ␣-helix formation has been extensively investigated both experimentally and theoretically (Muñoz and Serrano, 1995; Williams et al., 1996; Thompson et al., 1997) . In contrast, the formation of ␤-sheet structures has not been studied in detail. It has been proposed that ␤-turns and ␤-hairpins act as initiation sites in early protein folding events (Blanco et al., 1998) . A ␤-hairpin is the simplest form of anti-parallel ␤-sheet structure and is defined by a loop region flanked by two ␤-strands. Muñoz et al. (1997) studied the kinetics of folding a 16-residue ␤-hairpin from protein GB1 using a nanosecond laser temperature-jump technique. Folding of the hairpin was found to occur in 6 s at room temperature, which is ϳ30 times slower than the rate of ␣-helix formation. Analysis of the experimental observations suggested that folding of a ␤-hairpin is stabilized by both hydrogen bonding and hydrophobic interactions and exhibits two-state behavior and a funnel-like, partially rugged energy landscape (Muñoz et al., 1998) . This is in contrast to ␣-helices in which the stability is the result of local residue interactions, mostly the hydrogen bonds. Although the fragment is small, the ␤-hairpin provides a suitable system for investigating fundamental issues in protein folding. Pande and Rokhsar (1999) studied the unfolding and refolding pathway of a ␤-hairpin fragment of protein GB1 using MD simulations. They suggested that the high-temperature unfolding of the ␤-hairpin undergoes a series of sudden discrete conformational changes. These changes occur between states that are identified with the "folded" (F), the "hydrophobic core" (H), the "partially solvated cluster" (S), and the "unfolded" (U) states. The states H and S are obligatory but transient kinetic intermediates. Refolding of the hairpin at low temperatures was studied by a series of short simulations starting from the transition states of the discrete transitions determined by the unfolding simulations. It was found that the transition states determined by the high temperature unfolding and the low temperature refolding simulations showed good agreements.
The work of both Muñoz et al. (1997) and Pande and Rokhsar (1999) concluded that the positioning of the side chain groups in such a way as to promote the formation of the hydrophobic cluster is essential for the folding of the hairpin structure. The primary difference between the two studies is the relative timing of the formations of the interstrand hydrogen bonds near the turn and the hydrophobic core. Two possible mechanisms of ␤-hairpin folding have been proposed. Muñoz et al. (1997) suggested that the hairpin formation is initiated from the ␤-turn then "zips up" the remaining native hydrogen bonds. A turn stabilized by interstrand hydrogen bonds positions the aromatic residues so that they are poised to pack into a hydrocarbon cluster. According to Pande and Rokhsar (1999) , the hydrophobic cluster would form without assistance from the interstrand hydrogen bonds, suggesting that the ␤-hairpin refolds by the "hydrophobic collapse" mechanism. In this model, the hairpin collapses to a compact structure associated with a "molten globule." The driving force toward the compact structure is global and in general nonspecific (a hydrophobic interaction). In the next step, "mistakes" in the compact structure are corrected by forming native hydrogen bonds. The reorientation of the compact structure is relatively slow and resembles the transition from a molten globule state to the native state of the protein. obtained the free energy surface and conformations involved in the folding of the same ␤-hairpin from multicanonical Monte Carlo simulations. Their results suggested that folding proceeds by a collapse leading to the formation of the hydrophobic assembly and that then the hairpin hydrogen bonds propagate outwards in both directions from the hydrophobic core. The folding rate is dominated by the time required for interconversion between compact conformations. Prevost and Ortmans (1997) performed refolding simulations of a ␤-hairpin fragment of barnase using a simulated annealing method. They found that interstrand side-chain compactness and backbone hydrogen bonding provide concurrent stabilizing factors for the ␤-hairpin formation. Bonvin and van Gunsteren (2000) studied the stability and folding of the 19-residue ␤-hairpin fragment of the ␣-amylase inhibitor tendamistat. Several unfolding and refolding simulations suggested a model for ␤-hairpin formation in which the turn is formed first, followed by hydrogen bond formation closing the hairpin, and subsequent stabilization by side-chain hydrophobic interactions. Roccatano et al. (1999) studied the structural and dynamical behavior of the ␤-hairpin from the protein GB1 at different temperatures using MD simulations in an aqueous environment. The essential dynamics analysis showed that the dynamical behavior of the hairpin at different temperatures, once equilibrated, is very similar and characterized by large motions of the turn and end residues. The results of the simulations provided further evidence of the importance of hydrogen bonds and hydrophobic interactions for the stability of ␤-hairpin-forming peptides. To understand the balance between backbone and side-chain forces, Ma and Nussinov (2000) studied the contributions of three components of a ␤-hairpin peptide: turn, backbone hydrogen bonding, and side-chain interactions. They examined the structural stability of the ␤-hairpin under systematic perturbations of the turn region, backbone hydrogen bonds, and the hydrophobic core formed by the side-chains. It was found that backbone hydrogen bonds are very sensitive to the perturbations and are easily broken. In contrast, the hydrophobic core survives most perturbations. It was shown that hydrophobic interactions were able to keep the peptide folded even with a repulsive force between the ␤-strands. These results support a side-chain centric view of the folding of a hairpin structure. For small peptides and proteins, the disruption of the hydrophobic core appears to be one of the major steps in the folding/unfolding process. The studies of the mechanical unfolding of the ␤-hairpin using MD by Bryant et al. (2000) support the view of a stepwise pathway of unfolding, wherein complete breakdown of backbone hydrogen bonds precedes dissociation of the hydrophobic cluster.
In the present study, we have studied unfolding of the ␤-hairpin from the protein GB1 by MD simulations in explicit water solvents at several temperatures. Unfolding trajectories are analyzed by calculating the order parameters such as the number of hydrogen bonds and the radius of gyration. Further insights into the detailed mechanism of ␤-hairpin (un)folding are obtained by examining the relative importance of different components of interaction energies. In contrast to ␣-helices where local interactions due to hydrogen bonding are responsible for the stability, ␤-hairpins are stabilized by the combining effects of entropy, backbone hydrogen bonding, and interstrand hydrophobic interactions. Previous studies on the hairpins investigated the balance between contributions of different interactions by analyzing the changes in the structural characteristics. The main focus of the present study is to provide direct information about the relative importance of different com-ponents of interaction energies in the folding mechanism of the hairpin. It is possible to gain valuable information about the formation of ␤-hairpins by monitoring different interactions during the unfolding simulations. Changes in the interaction energies are also compared with the corresponding behavior of the structural order parameters.
MODEL AND SIMULATION DETAILS
We simulate unfolding of the ␤-hairpin structure formed by the 16 C-terminal residues (GEWTYDDATKTFTVTE) of protein GB1. The three-dimensional structure of the hairpin is stabilized by the native hydrogen bonds and interactions between the side chains of the four residues (Trp43, Tyr45, Phe52, Val54) forming the hydrophobic core. We have performed simulations with the CHARMM all-H potential (Brooks et al., 1983) . The initial structure was taken from the model conformation of the full Protein G (PDB code: 1GB1). The hairpin was placed in a cubic box with the dimension of 37.712 Å, filled with 1728 TIP3P water molecules to a density of ϳ1 g/cm 3 . After removing the water molecules, whose oxygen atoms were within 2.6 Å of any peptide atom, the initial conformation was relaxed by an adapted basis Newton-Raphson method. Bond lengths were constrained through the SHAKE algorithm (Ryckaert et al., 1977) . We used time steps of 2 fs for simulations at 300 and 400 K. Smaller time step (1 fs) was used to obtain stable trajectories at higher temperatures (500, 600, and 700 K). Each simulation was started with a heating step from 0 K to the simulation temperature, and further simulations were done for 1 ns (300 and 500 -700 K) or 2 ns (400 K). The lengths of simulations are found to be sufficient for observing unfolding processes of the hairpin at 400 to 700 K.
We collected MD trajectories every 5 ps. To analyze the trajectories, we calculated several quantities as order parameters: the number of hydrogen bonds (N HB ), the radius of gyration of the hydrophobic core side chains (R core ), and the radius of gyration of the whole peptide (R G ). These order parameters are expected to reflect the compactness of the protein structure and give information about the intermediate states of unfolding. The number of hydrogen bonds, N HB , was calculated with the SIMLYS program (Krüger et al., 1991) . A hydrogen bond is defined by the bond angle (NOH⅐⅐⅐O) being restricted in the range between 135 o and 180 o with the bond distance being less than 3.3 Å. The overall interaction energy and corresponding force for each residue in a protein can be decomposed into various components. The relative importance of these components can be correlated with conformational changes during the (un)folding of proteins. We have developed a method for calculating different components of the interaction energy or force for each residue in a protein (Lee et al., 2000) . For instance, 1) van der Waals (evdw), 2) electrostatic (eelec), and 3) total (etot) interaction energies of each residue with the rest of the protein molecule and solvent molecules can be obtained. We calculated a "protein-protein" (PP) component of energy by summing the average of the total interaction energies of each residue with the solvent coordinates excluded from the trajectories. The difference between the average energy of the whole system and the PP energy can be defined as "protein-solvent" (PS) energy.
RESULTS AND DISCUSSION
We have performed MD simulations of the unfolding of the ␤-hairpin structure from protein GB1 using CHARMM all-H potential. At high temperatures such as 600 and 700 K, the trajectories of the simulations usually result in a completely unfolded state within 1 ns, whereas the folded states with native-like structures are maintained during the simulations at room temperature (300 K). At an intermediate temperature (400 and 500 K), partial unfolding and refolding of the hairpin are observed in typical trajectories. In Fig. 1 , the number of backbone hydrogen bonds N HB for these simulations is shown as a function of time. N HB fluctuates between 4 and 6 at 300 K, reflecting native-like structures. This means that the peptide does not have enough kinetic energy to overcome the barrier between the folded and unfolded states at this temperature. At higher temperatures, the peptide loses the hairpin secondary structure as the backbone-backbone hydrogen bonding is completely broken. Such a structural change corresponds to the transition between the folded state and the hydrophobic core state (F 3 H) as proposed by Pande and Rokhsar (1999) . It is found that N HB exhibits sharp changes around 500 and 200 ps for the unfolding simulations at 400 and 700 K, respectively. This time of complete breaking of the native hydrogen bonds is identified with the F 3 H transition time.
In Fig. 2 , we plot the radius of gyration of the hydrophobic core (Trp43, Tyr45, Phe52, Val54), R core , and the radius of gyration of the whole peptide, R G , as a function of time. It was suggested that increases in R core characterize the conformational changes associated with the transition between the hydrophobic core state and either the partially solvated (S) or the unfolded (U) state. Neither R core nor R G change much during the simulations at 300 K. At higher temperatures, sharp changes in the radius of gyration for the hydrophobic core were observed, signaling such transitions between intermediate states. Because the H and S states are transient intermediates, one usually observes reversible interconversions (F 7 H 7 S 7 U) associated with partial unfolding and refolding during simulations at higher temperatures. The analysis of the order parameters, N HB and R core , is consistent with the four-state unfolding mechanism proposed by Pande and Rokhsar (1999) . It is noted that discriminating the H and S states based on N HB and the radius of gyration is sometimes difficult. In some cases, the F 3 H and H 3 S transitions cannot be easily separated. The proposed mechanism may be interpreted as the observation that the breaking of the hydrogen bonds precedes the FIGURE 1 The number of hydrogen bonds, N HB , as a function of time for unfolding trajectories at temperatures 700 (a), 600 (b), 500 (c), 400 (d), and 300 K (e). MD simulations were performed with the CHARMM force field on the ␤-hairpin structure from protein GB1. The plots have been smoothed by adjacent averaging of 5 points with the raw data sampled once per 5 ps. disruption of the hydrophobic core during the unfolding trajectories. A typical unfolding trajectory at 400 K demonstrating discrete unfolding steps is illustrated in Fig. 3 . A complete unfolded state can be characterized by comparable sizes of the core (R core ) and the total (R G ) radii of gyration. It is noted that R core was found to be unusually larger than R G in the time ϳ400 ps for the simulations at 700 K. This structure, also shown in Fig. 3 , is formed by the complete breaking of the hydrophobic core while keeping the two strands at the turn and the terminal region close together. It is different from the extended structure of unfolded states found at 950 ps for the same temperature (Fig. 3) . It is not clear how much this intermediate structure may contribute to the (un)folding of the hairpin at lower temperatures.
Various components of interaction energies of residues in a protein can reflect structural changes during (un)folding. We calculated the sum of electrostatic energies (eelec) for the six residues in the turn region (residue 46 -51). The changes in the electrostatic interactions of these residues show similar behavior as the number of hydrogen bonds during the unfolding trajectories (compare Fig. 4 with Fig.  1 ). The noticeable differences are found in the later stages of unfolding at 600 and 700 K. Inspection of the actual configurations of the peptide shows that the residues in the turn region are sufficiently close to have relatively large (longrange) electrostatic interactions. The fact that N HB and eelec show similar behavior in the transition region between the folded state (F) and the hydrophobic core state (H) suggests that F 3 H transition involves the breaking the electrostatic interactions of the residues in the turn region. We have also calculated the sum of van der Waals energies (evdW) for the residues comprising the hydrophobic core (Trp43, Tyr45, Phe52, Val54). As one might expect, the behavior of evdW during unfolding simulations is consistent with the changes in the radius of gyration of the hydrophobic core, R core (compare Fig. 5 with Fig. 2) .
The PS energy usually favors the unfolding of a protein, whereas the native state is favored by the PP component of the energy (Boczko and Brooks, 1995) . This observation is consistent with the structural features of unfolding: as the protein unfolds, PS interactions occur in preference to the previously favorable PP interactions; the protein becomes more exposed to the solvent, thereby increasing the overall PS energy. We have calculated the electrostatic (elec) and the van der Waals (vdW) components of PP and PS energies as a function of R G for unfolding trajectories. Here R G is taken as a reaction coordinate for protein unfolding. Both components of the PP and PS energies fluctuate around constant values at 300 K. At higher temperatures, the components of PP and PS energies show different behavior depending on the value of R G .
The relative importance of PP and PS components can change as a protein goes through different states of (un)-folding pathways. In Fig. 6 , we compare the elec and vdW components of PP and PS energies as a function of R G for the unfolding simulations at 400 K. Changes in PP and PS energies show the opposite behavior in electrostatic interactions. For R G Ͼ 7.4, PP electrostatic energy increases sharply to have less negative values, whereas the corresponding PS energy becomes more negative. Similar behavior is observed for the unfolding simulations at 700 K (Fig.  7) . This result clearly indicates that the PP electrostatic interactions, of which backbone hydrogen bonding constitutes a major part, are replaced by hydrogen bonding between the residues and water molecules. In other words, the relative changes of the electrostatic components of PP and PS energies can be related to the loss of backbone hydrogen bonds.
By reasoning similar to the above, the relative changes in the van der Waals (vdW) components of PP and PS energies FIGURE 4 The sum of electrostatic energies (eelec) for the six residues in the turn region (residue 46 -51), plotted as a function of time for unfolding trajectories at temperatures 700 (a), 600 (b), 500 (c), and 400 K (d). The plots have been smoothed by adjacent averaging of 5 points with the raw data sampled once per 5 ps.
FIGURE 5 The sum of van der Waals energies (evdW) for the residues comprising the hydrophobic core (Trp43, Tyr45, Phe52, Val54), plotted as a function of time for unfolding trajectories at temperatures 700 (a), 600 (b), 500 (c), and 400 K (d). The plots have been smoothed by adjacent averaging of 5 points, with the raw data sampled once per 5 ps.
can reflect the behavior of hydrophobic interactions during (un)folding processes. In the range of 6.5 Ͻ R G Ͻ 7.5, vdW contributions to PP energy get smaller, whereas the corresponding PS energies do not show much drift (Fig. 6 b) . This energy change is associated with the loosening of the internal structure of the peptide with the breaking of backbone hydrogen bonding. The behavior of PP and PS vdW interactions for R G Ͼ 8.5 can be related to the opening of the two strands due to the breaking of the hydrophobic cluster. The difference in vdW components of PP and PS energies is more clearly seen from the simulations at 700 K as shown in Fig. 7 .
In Fig. 8 , we plot the electrostatic components of PP and PS as a function of the number of backbone hydrogen bonds. As shown in Fig. 1 , the transition between the folded state and the hydrophobic core state is associated with a sharp decrease in N HB (4 3 0 at 400 K and 3 3 0 at 700 K). Fig. 8 shows that such changes in N HB are related to opposite trends in the changes of PP and PS energies. This result confirms the conclusion that the behavior of the electrostatic components of PP and PS energies reflects the loss of backbone hydrogen bonds.
The analysis on the components of PP and PS energies is consistent with the stepwise unfolding pathway discussed above. The behavior of the electrostatic component of the energies can be related to the F 7 H transition and the interconversions between H, S, and U states involve the changes in the relative contributions of the van der Waals interactions. In particular, the results support the mechanism that a complete breakdown of backbone hydrogen bonds precedes disruption of the hydrophobic core during the unfolding of the hairpin structure.
Experimental studies on the formation and stability of ␤-hairpin structures have been done by different groups (Blanco et al., 1998) . Blanco et al. (1994) and Blanco and Serrano (1995) studied the 16 C-terminal residue peptide of protein GB1 by Nuclear Magnetic Resonance (NMR) techniques and showed that a native-like ␤-hairpin structure is stable in aqueous solution. It was found by the nuclear Overhauser effect spectroscopy (NOESY) experiments that the peptide folds into a ␤-hairpin conformation with a six-residue turn (46 -51) and the three aromatic side chains from the residues of Trp43, Tyr45, and Phe52 become closer to form a hydrophobic core. Kinetic studies of the folding/unfolding of the same peptide by Muñoz et al. (1997) were based on the observation that the fluorescence of the Trp43 increases due to the stabilization in a hydrophobic cluster formed by three other residues (Tyr45, Phe52, Val54). Theses findings are consistent with the results of the present simulations where the formation of the hydrophobic core is shown to be responsible for the stability of the ␤-hairpin structure.
As discussed in the Introduction, the ␤-hairpin structures from different proteins seemed to follow different mechanism of folding. The present study and other studies suggest that the ␤-hairpin fragment of protein GB1 folds by the hydrophobic collapse mechanism where the formation of the hydrophobic assembly is followed by the propagation of the backbone hydrogen bonds outwards in both directions from the hydrophobic core. The folding of the 19-residue ␤-hairpin fragment of the ␣-amylase inhibitor tendamistat was found to follow different mechanism in which the turn is formed first, followed by hydrogen bond formation closing the hairpin, and subsequent stabilization by side-chain hydrophobic interactions (Bonvin and van Gunsteren, 2000) . In the case of a ␤-hairpin fragment of barnase, it was found that all the observed increases in compactness due to the hydrophobic interactions occur simultaneously with the formation of a backbone hydrogen bond during the refolding simulations (Prevost and Ortmans, 1997) .
In a recent study on the thermodynamics and kinetics of off-lattice models for the ␤-hairpin fragment, Klimov and Thirumalai (2000) suggested that the basic mechanisms of folding depend on the intrinsic rigidity of the hairpin, which is determined by the location of the hydrophobic cluster. In Fig. 9 , the folded structures of the three ␤-hairpin fragments discussed above are compared. It is clear that the positions of the large (hydrophobic) side-chains are different in the three cases. In the ␤-hairpin of protein GB1, the hydrophobic residues are located in the middle of the two strands. The stability and the initial folding of the peptide are dominated by the formation of the hydrophobic core. The ␤-hairpin of tendamistat has the hydrophobic residues clustered near the turn (loop) region, which facilitates the early formation of the turn and the subsequent hydrogen bond formation closing the hairpin. For the hairpin of barnase, the hydrophobic residues do not seem to form a cluster around one region of the peptide. The best way of folding in this case would be the formation of hydrogen bonds assisted by the concomitant side-chain hydrophobic interactions. Systematic (un)folding simulations on these different hairpin fragments are expected to provide valuable information about the stability and formation of ␤-hairpin structures, which will be the subject of future studies.
CONCLUSION
We have studied the mechanism of a ␤-hairpin formation by unfolding simulations at high temperatures. The analysis of trajectories obtained from MD simulations in explicit aqueous solution suggests a refolding pathway consisting of several transient intermediates. The behavior of the order parameters such as the number of backbone hydrogen bonds (N HB ) and the radius of gyration of the hydrophobic core (R core ) is consistent with the four-state discrete unfolding mechanism proposed by Pande and Rokhsar (1999) .
The changes in the interaction energies of residues can be related with the structural changes during the unfolding of the hairpin. The electrostatic energies of the residues in the turn region show similar behavior as the number of backbone hydrogen bonds. The breaking of the electrostatic interactions of such residues is responsible for the transition between the folded state and the hydrophobic core state. The van der Waals interaction energies of the residues in the hydrophobic core reflect the behavior of the radius of gyration of the core region.
Understanding the relative importance of different components of interaction energies during the (un)folding of a protein can provide valuable information. We have studied possible correlations between relative changes in the PP and PS energies and the mechanism of protein folding. It is found that the PP component of energy favors the nativelike states and the unfolding process is favored by the PS component. Comparison of the electrostatic components of PP and PS energies can reflect the structural changes associated with the loss of backbone hydrogen bonding. Relative changes in the van der Waals components of PP and PS energies are related with the disruption of the hydrophobic core of a protein. The results of the simulations are consistent with the hydrophobic collapse mechanism of ␤-hairpin folding, whereby the formation of a hydrophobic assembly is followed by a final tune-up for the secondary structure through forming hydrogen bonds in the backbone strand.
